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from a solution containing hydrogen tetrachloroaurate (III), were investigated in detail. Additionally, in order to develop a practical approach, the determination of a suitable desorbent for gold adsorbed by immobilized P. maltophilia cells and biosorption-desorption cycles was also investigated.
Materials and Methods
Materials. The strains used in this research were generously donated by the IAM Culture Collection, Center for Cellular and Molecular Research, Institute of Molecular and Cellular Biosciences, the University of Tokyo (IAM); the Faculty of Engineering, Hiroshima University (HUT); the Faculty of Agriculture, Hokkaido University (AHU); the Institute of Fermentation, Osaka (IFO); and the Central Research Laboratories, Kaken Pharmaceutical, Tokyo (KCC). All of the chemicals (guaranteed reagents) used were obtained from Nacalai Tesque, Kyoto, Japan.
Culture of microorganisms. The medium for growing bacteria contained 3 g/L meat extract, 5 g/L peptone, and 5 g/L NaCl in deionized water. The medium for growing the actinomycetes, fungi, and yeasts contained 4 g/L yeast extract, 10 g/L malt extract, and 4 g/L glucose in deionized water, pH 7.1 (for actinomycetes) and pH 5.7 (for fungi and yeasts). The microorganisms were maintained on agar slants and grown in 300 ml of the medium in a 500-ml flask with continuous shaking (120 rpm) for 72 h at 30°C. Cells were collected by centrifugation (for bacteria and yeasts) or by filtration through filter paper (for actionomycetes and fungi), washed thoroughly with deionized water, and then used in the following biosorption experiments.
Immobilization of microbial cells. 1. Polyacrylamide method: Precultured Pseudomonas maltophilia cells (5.0 g fresh weight) were suspended in 4.5 ml isotonic sodium chloride solution and 680 mg acrylamide monomer, 34 mg N, NЈ-methylene-bis(acrylamide) , 0.30 ml 3-dimethylaminopropionitrile solution (5.0%), and 0.34 ml potassium persulfate solution (2.5%) were added to the suspension. After solidification, the gel was crushed into small pieces (50-100 mesh), washed thoroughly with isotonic sodium chloride solution followed by deionized water, and then used in the following biosorption experiments.
2. Ca alginate method: Precultured P. maltophilia cells (5.0 g fresh weight) were suspended in 20 ml of sodium alginate (2.0%) solution. The suspension was squeezed into 200 ml of calcium lactate (2.0%) solution using a syringe.
3. Agar method: Precultured P. maltophilia cells (3.6 g fresh weight) were suspended in 7.2 ml of agar (4.0%) solution. After solidification of the suspension, the resulting gels were cut into small pieces.
Gold biosorption experiments. Gold solutions were prepared by dissolving hydrogen tetrachloroaurate (III) or sodium dicyanoaurate (I) in deionized water. The pH of the solution was adjusted to the desired value with 0.1 M HCl or 0.1 M NaOH.
1. Batch system: Unless otherwise stated, the accumulation experiments were conducted as follows. Resting microbial cells (15 mg dry wt. basis for tetrachloroaurate (III) or 50 mg for sodium dicyanoaurate (I)) were suspended in 100 ml of 10 mg/L of gold solution (pH 3.0, containing hydrogen tetrachloroaurate (III) or sodium dicyanoraurate (I)), and the suspension was shaken for 1 h at room temperature. The resting microbial cells were then removed by filtration through a membrane filter (pore size 0.2 mm). The amounts of gold adsorbed by the cells were determined by measuring the gold content in the filtrate using an inductively coupled plasma quantmeter (ICPS 8000; Shimadzu, Kyoto, Japan).
2. Column system: Unless otherwise stated, 50 ml of gold solution (10 mg/L gold, HAuCl 4 , pH 3.0) was passed through a column (diameter 8 mm, bed volume 5 ml) of immobilized P. maltophilia cells at a space velocity (SV) of 20 h
Ϫ1
. The cell concentration of each of the immobilized cells was 0.66 g dry wt. cells/g dry wt. polyacrylamide. The adsorbed gold (III) was desorbed with 50 ml of 0.1 M thiourea solution (pH 3.0) at SV of 10 h
.
Results and Discussion

Biosorption of gold using various microbial cells
In order to determine the ability of different types of microbial cells to adsorb gold, 75 strains of microorganisms (19 actinomycetes, 25 bacteria, 17 fungi and 14 yeasts) were screened. We reported that the sorption of gold (III) showed a maximum value at pH 3 using immobilized persimmon tannin (Sakaguchi et al., 1995) . Therefore, the pH of the solution was adjusted to 3.0 throughout this screening.
As shown in Tables 1-4 and Fig. 1 , the ability of the microbial cells to adsorb gold significantly varied. Of these microorganisms tested, high abilities to adsorb gold from the solution containing tetrachloroaurate (III) were found in some gram-negative bacteria, such as Acinetobacter calcoaceticus IAM 12087, Erwinia herbicola IAM 1562, Pseudomonas aeruginosa IAM 1054, and P. maltophilia IAM 1554. These microorganisms could adsorb over 330 mmol of gold per gram dry wt. of microbial cells from the solution containing hydrogen tetrachloroaurate (III) within 1 h. On the other hand, the amounts of gold adsorbed from the solution containing sodium dicyanoaurate (I) were far less than from that containing hydrogen tetrachloroaurate (III). P. maltophilia cells could adsorb the highest amounts of gold from the solution containing sodium dicyanoaurate (I) of the microbial cells tested. The amount of gold adsorbed from each solution containing hydrogen tetrachloroaurate (III) or sodium dicyanoaurate (I) by gram-negative bacteria is higher than those by grampositive bacteria, actinomycetes, fungi and yeasts. These results are in contrast to the case of the amounts of thorium adsorbed by gram-positive bacteria which were higher than those by gram-negative bacteria, fungi and yeasts (Tsuruta, 2003) . In addition, the amounts of mercury adsorbed were also higher than with gram-negative bacteria, fungi and yeasts (not published). From these results, gram-positive bacteria can adsorb a large amount of positively charged metal ions; however, gram-negative bacteria can adsorb a large amount of negatively charged complex ions.
We reported that the ion species of gold (III) in the solution containing hydrogen tetrachloroaurate (III) are mainly Au(OH)Cl 3 Ϫ and Au(OH) 2 Cl 2 Ϫ at pH 3.0 (Sakaguchi et al., 1995) . Gold (III) exists as a negatively charged complex ion in the solution. On the other hand, the negative charge of the gram-positive bacterial cell surface is higher than that of the gram-negative bacterial cell surface because the amount of teichoic acid in gram-positive bacterial cells is higher than that of gram-negative bacterial cells in a neutral pH region (Conn et al., 1987; Fischer et al., 1973a, b) . In an acidic pH solution, I tentatively assumed that the amounts of protons used for the neutralization of the negative charge by gram-positive bacterial cells were higher than those by gram-negative bacterial cells. As a result, the positive charge of the gram-negative bacterial cell surface is higher than that of gram-positive bacterial cell surface. Accordingly, the gold complex ions having a negative charge and the positive charge of the gram-negative bacterial cell surface cause stronger bonding than that with the gram-positive bacterial cell surface.
Effect of pH on gold biosorption
As shown in Fig. 2 , the biosorption of gold (III) by P. maltophilia cells was markedly affected by the pH of the solution. Maximum gold biosorption from the solution containing hydrogen tetrachloroaurate (III) was ob-224 TSURUTA Vol. 50 Resting cells (15 mg dry wt. basis) were suspended in a 100 ml solution (pH 3.5) containing hydrogen tetrachloroaurate (III) (50.5 mM, pH 3.0) for 1 h at room temperature.
served at pH 2-3, and above and below this pH value, the gold biosorption fell off rapidly.
As described in the above section, the bond between gold (III) and the cell surface depends on the electronic charge of both. The positive charge of the cell surface decreases as the pH increases because of the negative charge of the phosphorous group in the teichoic acid. On the other hand, as the acid dissociation of HAuCl 4 becomes smaller, the non-charged molecular HAuCl 4 concentration becomes greater and causes difficulty in bonding with the positively charged group on the surface of the cells at pH 1. Accordingly, it seems reasonable that the amounts of the gold (III) adsorbed are decreased when the pH values are below pH 2 and above pH 3.
Effect of external gold concentration on gold biosorption
To determine the maximal ability to adsorb gold (III) at pH 3.0, the effect of the external gold (III) concentration on the biosorption of gold (III) by P. maltophilia cells was examined. As shown in Fig. 3 , the amounts of gold adsorbed by P. maltophilia cells (mmol/g dry wt. cells) increased with an increase in the external gold concentration, whereas the ratio of the total amounts of gold adsorbed to the external gold concentration decreased. When the external gold (III) concentration was 1,100 mM (residual gold (III) concentration was 900 mM), a maximum Au (III) biosorption of about 900 mmol gold (III) per gram dry wt. cells at pH 3.0 was observed.
In the case of the biosorption of the uranium by some bacterial strains, the relationship between the amounts of uranium (Q U ) adsorbed and the residual concentration of uranium in the solution C e (U) obeys the Langmuir isotherm over the whole concentration tested, C e (U)/Q U ϭm U C e (U)ϩn U , where m U and n U are 2004 Gold biosorption and recycling by microbes 225 Fig. 2 . Effect of pH on gold (III) biosorption by P. maltophilia cells.
Resting cells (15 mg dry wt. basis) were suspended in a 100 ml solution containing hydrogen tetrachloroaurate (III) (50.5 mM) for 1 h at room temperature. Resting cells (15 mg dry wt. basis) were suspended in a 100 ml solution (pH 3.0) containing a desired amount of gold for 1 h at room temperature. Symbols: circles, gold (III) adsorbed (mmol/g dry wt. cells); squares, gold (III) adsorbed (%).
Fig. 4. Equilibrium isotherm of gold biosorption by P. maltophilia cells.
C e , residual gold in the solution (mM); Q, amount of gold adsorbed (mmol/g dry wt. cells).
constants (Sakaguchi et al., 1996) . In the case of gold (III), the following equation is derived and shown in Fig. 4 . C e (Au)/Q Au ϭ(m Au C e (Au)ϩn Au , where Q Au indicates the amounts of gold (III) adsorbed (mmol/g dry wt. cells), C e (Au) is the residual gold (III) concentration in the solution (mM) and m Au and n Au are constants. The dashed line was calculated using under 412 mM of residual gold (III) concentration (as the initial gold (III) concentration 535 mM). On the other hand, the solid line was calculated separately using residual gold (III) concentration under and above 412 mM (as the initial gold (III) concentration 535 mM). It seems that the experimental data does not fit over the whole gold (III) concentration in the solution. Accordingly, the result obtained in the experiment has a dual pattern. When the initial gold (III) concentration increases beyond 535 mM (as 412 mM of residual gold concentration), the amount of gold (III) accumulated rises to values larger than those calculated on the basis of the relation for a low concentrations range. A similar result was obtained (Epstein, 1966) from the absorption of potassium using barley roots. The estimated m Au , n Au and maximum accumulated gold (III) capacity Q(Au) max (ϭ1/m Au ) are summarized in Table 5 . As shown in Table 5 , an extremely high Q(Au) max value of 992 mmol/g dry wt. cells is estimated from the high gold (III) concentration region.
Time course of gold biosorption
The time course of the gold (III) biosorption using P. maltophilia cells was examined. As shown in Fig. 5 , the biosorption of gold (III) by P. maltophilia cells was very rapid. The results were fitted to a time-dependent Langmuir adsorption equation (Kondoh et al., 1982) . QϭQ e [1Ϫ1/exp(itϩj )], where Q is the amount of gold (III) accumulated (mmol/g dry wt. cells), Q e , is the equilibrium biosorption amount, t is the retention time (min), and i and j are constants. The values, i, j and Q e , are estimated to be 0.0201/min, 2.78 and 329 mmol/g dry wt. cells, respectively.
Effect of cell amounts on gold biosorption
As shown in Fig. 6 , the amounts of gold (III) adsorbed by P. maltophilia cells (mmol/g dry wt. cells) decreased as the amount of cells increased, whereas the total amounts of gold (III) adsorbed increased. Twenty milligrams of P. maltophilia cells can almost quantitatively adsorb gold (III) in the solution. Based on the results of this experiment, the amount of the P. maltophilia cells needed to adsorb gold (III) can be determined for practical cases.
Recovery of gold by the immobilized P. maltophilia cells
As shown in the above sections, some gram-negative bacterial cells, such as P. maltophilia cells have a 226 TSURUTA Vol. 50 Resting cells (15 mg dry wt. basis) were suspended in a 100 ml solution (pH 3.0) containing hydrogen tetrachloroaurate (III) (50.5 mM) at room temperature. 
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See the legend of Fig. 3 .
high ability to adsorb gold (III) from aqueous solutions. As a step in a practical approach to recover gold (III) using microbial cells, P. maltophilia cells, having a high ability to adsorb gold (III), were immobilized by various methods. As shown in Table 6 , the P. maltophilia cells immobilized with polyacrylamide and agar could almost quantitatively adsorb gold (III) from aqueous solutions. We reported that uranium adsorbed by some bacterial strains could be desorbed easily by sodium carbonate solution (Sakaguchi et al., 1996) . Therefore, 0.1 M Na 2 CO 3 solution was used to desorb gold (III) adsorbed by the immobilized P. maltophilia cells with polyacrylamide. However, in contrast to uranium, as shown in Table 7 , most of the gold (III) adsorbed could not be desorbed. In order to search for a desorbent for the gold (III) adsorbed, some desorbents containing sulfur atoms, which could easily combine with gold, were examined. We reported that the desorption of gold (III) by thiourea solution gave a maximum value at pH 3 using immobilized persimmon tannin (Sakaguchi et al., 1995) . Therefore, the desorption experiments were carried out at pH 3.0. As shown in Table 7 , of the desorbents tested, 0.1 M thiourea solution desorbed gold from the gold adsorbed by immobilized P. maltophilia cells most effectively.
The effect of pH on the desorption of gold (III) by thiourea using immobilized P. maltophilia cells with polyacrylamide was also examined. As shown in Fig. Fig. 6 . Effect of cell amounts on gold biosorption by P. maltophilia cells.
Desired amounts of resting cells (dry wt. basis) were suspended in a 100 ml solution (pH 3.0) containing hydrogen tetrachloroaurate (III) (50.5 mM) for 1 h at room temperature. Symbols: circles, gold (III) adsorbed (mmol/g dry wt. cells); squares, gold (III) adsorbed (%). Biosorption experimental conditions were the same as in Table 6 . Adsorbed gold was desorbed with 50 ml of each desorbent at SV of 10 h Ϫ1 . 7, thiourea could desorb gold (III) effectively from pH 1-3, especially at pH 3.0, though the amounts of gold desorbed decreased with a pH increase over 4. Thiourea was protonated and desorbed the anionic gold (III) complex ion in the lower pH solution; however, non-protonated thiourea existed in the higher pH solution. Therefore, the amounts of gold (III) desorbed decreased with the increasing pH of the solution.
Repetition test of gold biosorption-desorption cycles using the immobilized P. maltophilia cells
As described above, the P. maltophilia cells immobilized with polyacrylamide can adsorb gold (III) with high efficiency, and the gold adsorbed on the immobilized cells is easily desorbed with 0.1 M thiourea solution. Along with these fundamental results, a repetition test of the gold biosorption-desorption cycles using the immobilized P. maltophilia cells was conducted in a column system.
As a result, the gold adsorbing ability of the immobilized P. maltophilia cells does not decrease after 5 repetitions of the gold biosorption-desorption cycles. Therefore, the immobilized P. maltophilia cells provide better mechanical properties and can be used repeatedly in the biosorption-desorption cycles (data not shown).
Conclusion
Some gram-negative bacterial cells, such as Erwinia herbicola, Pseudomonas aeruginosa, P. maltophilia cells, have an excellent ability to adsorb gold from aqueous solutions, and the microbial cells immobilized with polyacrylamide can be applied to recover gold in both batch and column systems. It is considered from these facts that the microbial cells can be used as an adsorbent for gold recovery from aqueous systems.
